Abstract Both CDF and DØ report a forward-backward asymmetry in tt production that is above the standard model prediction. We review new physics models that can give a large forward backward asymmetry in tt production at the Tevatron and the constraints these models face from searches for dijet resonances and contact interactions, from flavor physics and the tt cross section. Expected signals at the LHC are also reviewed.
Introduction
A large forward-backward asymmetry in tt production from pp collisions (A tt FB ) has been measured by the CDF and DØ collaborations at the Tevatron [1, 2, 3] . It is significantly larger than the Standard Model (SM) prediction. We review New Physics (NP) explanations that have been put forward to explain the anomalously large A tt FB . They can be grouped according to whether the main contribution to the NP amplitude is due to s−channel or t−channel NP particle exchanges. In addition, if the relevant NP degrees of freedom are heavy enough not to be produced in experiments they can be integrated out and a general Effective Field Theory (EFT) analysis is possible.
Before we proceed let us first briefly review the experimental evidence for the tt anomaly. CDF reports an inclusive asymmetry A incl FB = 0.158 ± 0.072 ± 0.017 in the tt rest frame using 5.3fb −1 of data [1] and assuming m t = 172.5 GeV. Using a channel where both t andt decay semileptonically an even larger asymmetry was found A incl FB = 0.42 ± 0.15 ± 0.05 [2] . Similarly, a recent DØ analysis using 5.4fb −1 of data finds A incl FB = 0.196 ± 0.060
−0.026 [4, 3] . 1 We perform a naïve weighted average of the three measurements based on independent datasets and combine the statistical and systematic errors in quadrature obtaining A incl FB = 0.200 ± 0.047. This is to be compared to A SM FB = 0.0724 +0.0104 −0.0067 +0.0020 −0.0027 from an approximate NNLO QCD calculation [5] within SM with m t = 173.1 GeV and using MSTW2008 set of PDFs [6] .
2 CDF also reported evidence that the anomalously large asymmetry 1 Note that DØ also reports a leptonic asymmetry A l FB = 0.152 ± 0.038
+0.010
−0.013 to be compared to MC@NLO prediction of A l,SM FB = 0.021 ± 0.001 [4, 3] . 2 In the pp frame, another recent approximate NNLO calculation [7] [1] . A similar rise of the A tt FB with the absolute top vs. anti-top rapidity difference |∆y| = |y t − yt| was also reported by CDF with A tt FB (|∆y| < 1.0) = 0.026 ± 0.104 ± 0.056 and A tt FB (|∆y| > 1.0) = 0.611 ± 0.210 ± 0.147 [1] . The recent DØ analysis [3] , however, does not observe such rise of the A tt FB with neither m tt nor |∆y|. For reader's convenience we collect the above results in Table 1 .
A very important constraint on NP models that can produce a large A tt FB is that at the same time they should not significantly affect the tt cross section. Both SM predictions at approximate NNLO σ SM tt = (6.63 +0.00 −0.27 ) pb [17, 18] at m t = 173.1 GeV, and σ SM tt = (7.08 +0.00 −0.24
+0.36
−0.27 ) pb [19] using m t = 173 GeV agree well with the measured cross section σ incl. tt = 6.9 ± 1.0 pb from CDF using 4.6fb −1 of data [20] and assuming m t = 173.1 GeV.
3 Good agreement between experiment and SM predictions is also seen in the differential cross section dσ tt /dm tt , as shown on Fig. 1 .
The constraints these measurements impose on NP models can be expressed in a model independent way [22] . Let σ SM F,B and σ N P F,B be the SM and NP forward and backward cross sections, respectively. The latter contain be compared with the CDF value of A incl FB = 0.150 ± 0.058 ± 0.024 [1] . Both SM predictions build upon the recent progress in approximate NNLO calculations [8, 9, 10, 11, 12, 13] and previously known NLO results [14, 15, 16] . 3 The most recent combination of CDF measurements [21] bears an even smaller error with σ incl. tt = (7.50 ± 0.48) pb, but was done assuming mt = 172.5 GeV. Using the provided interpolation formulae in [17] [20] for dσ tt /m tt with RG improved QCD prediction at NLO+NNLL order (using the value mt = 173.1 GeV) [23] . Taken from Ref. [23] .
the contributions from NP interfering with the SM and from the NP-matrix elements squared. If interference dominates, σ < 0 points to an interference effect. If the s-channel contribution dominates, this means that the exchanged particle has to be a colour octet vector. The other options are large t-channel interference, or a combination of both channels. We shall explore these possibilities in sections 4 and 3, respectively.
The paper is organized as follows. In Sec. 2 we first discuss the model independent implications of the anomalously large A tt FB measurements as well as the σ tt and dσ tt /dm tt constraints on NP in tt production in the language of EFT. Predominantly t-channel models are analyzed in Sec. 3 while predominantly s-channel new physics is discussed in Sec. 4 . In Sec. 5 we discuss the relevant LHC signatures related to NP effects in the A tt FB . We conclude in Sec. 6.
The EFT expansion
If the NP degrees of freedom contributing to tt production are heavy enough, they cannot be produced directly in collisions at the Tevatron or the LHC. In term, they can be integrated out and the complete UV theory can be matched onto an Effective Field Theory (EFT) description. All the possible NP effects in tt production are then described in terms of effective operators of increasing canonical dimension involving pairs of top and anti-top quarks
(1) Taken from Ref. [22] .
Here the Lagrangian terms L tt D contain contributions from operators of canonical dimension D. For simplicity we assume that the operators are composed only of SM degrees of freedom, and in particular contain a tt pair 4 . As already stressed, such Wilsonian expansion is applicable to models in which the scale of NP (Λ) is well above energies probed directly in experiments -in tt production these can be characterized by m tt . If the scale Λ is too low, in particular if the NP particles can be produced on-shell, the EFT description breaks down. Conversely, this also means that as long as the EFT description is valid, the high-end tail of the m tt spectrum and other observables sensitive to this kinematical region will be affected most by the presence of NP. This can be easily understood by observing that the NP contributions to the 2 → 2 scattering amplitudes scale as (E/Λ) D−4 , where E is a typical energy scale and D the dimensionality of the particular NP operator. For angularly inclusive observables such as dσ tt /dm tt , A tt FB or charge asymmetries at the LHC there are only two physical energy scales involved, m t and m tt . If therefore E ∼ m tt , pronounced effects at high m tt are expected.
The range of validity of the EFT description at the Tevatron and the LHC has been studied in detail in [27, 28] for a number of models. In Fig. 3 we show as an example a heavy W contributing in the t-channel to the total tt cross-section at the LHC. The conclusion of Refs. [27, 28] is that at the Tevatron the EFT description is an accurate approximation for t-channel models provided that the masses (m R ) of new exchanged particles satisfy m R 1 TeV. At the LHC, the inclusive cross-section seems to be well approximated provided m R 1.5 TeV. To some Table 1 . The measurements and predictions of observables in tt production at Tevatron. We quote the approximate NNLO QCD prediction of AFB from [5] using MSTW2008 PDFs [6] , while the other two choices for PDFs give results in agreement with these [5] . Among the cross section predictions obtained in [17] we quote the 1PISCET one, the others being in agreement but with larger quoted errors. Figure 3 . Correction to the SM cross-section at the LHC due to a W (whose coupling to d and t quarks is 1) and comparison with the effective field theory approach. Taken from Ref. [27] . extent the same is true even for the m tt > 1 TeV region, although the effects there tend to be systematically overestimated in the EFT [28] .
Operators
The effects of s-channel NP are much more dramatic due to the m R /Γ R resonant enhancement at on-shell production (here Γ R is the width of a new resonance and m R again its mass). Consequently, the Tevatron observables can only be well approximated by EFT if m R 1.5 TeV, while the effects in the m tt > 1 TeV region at the LHC are grossly underestimated even for significant widths
Anomalous top-gluon couplings
Naïvely, the EFT expansion of (1) starts at D = 5 (or at order 1/Λ) with
where σ µν ≡ i[γ µ , γ ν ]/2, T a are the Gell-Mann SU (3) matrices with Tr(T a T b ) = 2δ ab , while A, Z and G a are the EM, Z and gluon field strength tensors respectively. The coefficients µ t , d t ,μ t andd t are the anomalous magnetic, electric, chromomagnetic and the chromoelectric dipole moments of the top quark, respectively. For completeness we have also included the corresponding anomalous Zmagnetic and Z-electric moments µ t and d t . All these contributions naïvely scale as 1/Λ. However, NP with characteristic Λ scales much above the EW symmetry breaking scale v (Λ v ∼ m t ) should contribute to the SM action in an EW symmetric way [24] . The Lagrangian (2) then arises from dimension six operators
where
T is a doublet of the third-generation quarks (in the up-quark mass basis), and φ u is a scalar field with the quantum numbers of the conjugated SM Higgs doublet, in particular φ u = (v, 0)
T . Denoting
where c i are dimensionless Wilson coefficients, we can identify [29] {µ t ,μ t ,
In perturbative theories, operators in (3) arise only at the one-loop level, leading to a NDA estimate of
2 m 2 R , with g R the coupling of the new heavy degrees of freedom to top quarks. Such contributions may nonetheless represent dominant NP effects in models of top compositeness [30] .
Production of tt pairs at hadron colliders is mostly sensitive to the color octet contributions 6 associated withμ t 5 A discussion on reducing the overcomplete set of all possible EW symmetric operators can be found in [27, 29] 6 For a general discussion of the CP violating phenomenology associated with operators in (2) c.f. [32] . andd t , of which only the CP conservingμ t contribution interferes with the leading SM QCD amplitudes [33, 34] . While none of these contributions can generate a A tt FB at the Tevatron at leading order in QCD, they would affect both the total cross-section as well as the various kinematical distributions at the Tevatron and the LHC [35, 36, 37, 38, 39, 40, 41] . The naïve dimension-5 nature of these contributions is reflected in the slower rise of the high m tt spectrum tail, compared to genuine D = 6 operators [42] . Nonetheless, a comparison with the Tevatron and LHC data (see Fig. 4 ) already constrains the scale Λ associated withμ t above Λ > 1.1 TeV (assuming | (c G )| = 1) [31] . On the other hand, indirect constraints on the CP violatingd t contribution are almost two orders of magnitude stronger than the present direct sensitivity of tt production related observables at the Tevatron and the LHC [31] , constraining Λ > 5.5 TeV (for | (c G )| = 1).
Additional D = 6 operators containing top quarks and
can be matched onto a form factor momentum expansion for the QCD vector and axial quark currents [43] 
where in tt production q 2 = m 2 tt . The first term in the square brackets is fixed by QCD gauge invariance, while the dots denote higher orders in the q 2 /Λ 2 expansion. Further scalar and pseudoscalar quark density contributions appearing at the same order in 1/Λ can be reduced to these using equations of motion and gauge invariance. A large A tt FB at Tevatron can be generated provided an axial current form-factor contribution (f 
Four-quark operators
At D = 6 we encounter several four-quark operators. Among the quark parton luminosities contributing to tt production both at the Tevatron as well as at the LHC, theūu anddd dominate. These are also the only valence contributions that can contribute to A tt FB at the Tevatron and the charge asymmetries at the LHC. Therefore in the following we focus on flavor conserving operators involving only u, d and t quarks
where q = u, d, whileĈ = 1, T a distinguishes between color singlet and octet operators. Possible additional operators can be reduced to these using Fierz identities. Again when matching to particular NP models, an EW symmetric formulation is preferred. However, the number of possible operators is large and the set is highly redundant with respect to tt production phenomenology [44] . The transcription between the (axial)vector operators in (7) and several chiral operator bases in the literature has been provided in [27] . In perturbative NP realizations such operators can be generated already at the tree level via the exchange of heavy bosonic resonances [28] (GeV) tion for tt pairs at Tevatron, for the SM and with ng the FB asymmetries in Eqs. (8) . The plot on the for the one in the right panel it is logarithmic. on the tt tails by implementing four-fermion operae have first checked that this class of SM extensions at Tevatron. Figure 3 shows the tt invariant mass LL + RR, RL + LR four-fermion contributions corield the asymmetries in Eqs. (8) . Above m tt = 700 by +56%, which is consistent with data [3] . For ons are presented in Fig. 4 . The cross section above SM one. This deviation could be visible with the provided that the systematic uncertainties (jet en- has been first performed in [47, 48] in terms of chiral operators. The NP effects on A tt FB and the cross-section to this order are particularly clear in the vector-axial basis (7) [27, 42] . Due to parity invariance of QCD it follows that
while the bounds on O q,T a V contributions in this approximation from the cross-section and spectrum measurements at the Tevatron can be found in [27] . 8 The implication that purely axial contributions are able to arbitrarily enhance the A tt FB without introducing associated effects in the cross-section would be misleading. The neglected quadratic NP contributions at O(1/Λ 4 ) are necessarily positive definite and (rising as (m tt /Λ) 4 ) will tend to enhance the cross-section in the high m tt region [42] . Such effects have been studied systematically in [28] where it was found that including 1/Λ 4 contributions does not spoil the agreement with the Tevatron data, but leads to dramatic effects in the LHC spectrum above m tt > 1 TeV (see Fig. 5 ).
The consistency of the Tevatron measurements at high m tt in presence of all the operators in (7) and their contributions to O(1/Λ 4 ) has been analyzed in [46] . For this purpose it is useful to parametrize the contributions of the operators not interfering with the SM as
where w ± , r ST and r P are quadratic functions of {c [46] . Then, depending on the value of R, the Tevatron measurements of A h FB , 8 One immediate consequence of these bounds is that the boosted massive jet cross-section as measured by CDF [49] cannot be accommodated by EFT contributions to tt final states at O(1/Λ 2 ) [42] . 
Predominantly t-channel models
In this section we review models that can produce a large A tt FB with NP states that are light, O(200 − 600) GeV, and contribute predominantly in the t−channel. The models face a number of tight constraints, which make their structure highly nontrivial. While giving a large A tt FB the models at the same time should not significant affect the dσ tt /m tt , at least below m tt 1 TeV. They should obey constraints from dijets, not lead to excessive production of (9) for a model with a vector in an octet representation of SU (3)U flavour group. Examples for 300 GeV (dashed red) and 1200 GeV (solid blue) are shown. Taken from Ref. [53] .
same sign tops, should not modify the single top production cross section too much and satisfy stringent flavour constraints.
The "t−channel" models that have been invented to explain a large A tt FB can be grouped into three categories: i) models with large flavour violation, ii) flavour conserving models, and iii) models that do not lead to tt final state, but to related final states tt + X (this also means there is no interference with the SM tt production).
Before we review the models, let us make a minor detour to explain a technical detail, which however, can be important in judging the viability of models. In their analyses, CDF also quotes A tt FB and dσ tt /dm tt "deconvoluted" to "partonic" or "truth" level [1, 20] . These quantities may be the easiest for theorists to compare with what a particular NP model predicts, avoiding the need to perform detector simulations. However, there is a caveat in that the deconvolution was done assuming SM tt production. In the limit of infinitely small bins in m tt , ∆y, and for 4π detector coverage this would have no effect, but with finite bins there is an error associated with the deconvolution. Especially for very forward tt production this may be a problem as CDF's acceptance for semileptonic tops drops quickly in the rapidity region |y| 1. This can have a significant effect on the measured dσ tt /dm tt in the high m tt bins as pointed out in Refs. [51, 52] . A prescription of how to quickly estimate the effects of deconvolutions when scanning over large parameter spaces can be found in [53] . The correction factors to be used when comparing with CDF dσ tt /dm tt measurement are shown in Fig. 7 for an example vector model, where
Finally we not note that these effects are much less important at the LHC, due to the higher pseudo-rapidity coverage of the ATLAS and CMS detectors [54] .
Large Flavor Violation
A very common ingredient in models that give a large A While it is possible to arrange couplings in this way in concrete models, this may be hard to achieve without tunings [82, 83] , or conversely without tunings the asymmetry would be SM-like as in Randall-Sundrum (RS) models of flavour [84] . As an example let us consider the non-Abelian model of Ref. [52] . Here t R ad u R constitute a doublet of a non-Abelian horizontal gauge group SU (2) X , while all the remaining quark fields including c R are not charged under this group. The gauge bosons of the SU (2) X are dubbed W ± and Z and are EM neutral (also the W ± ). The non-Abelian nature of horizontal interactions helps to avoid the same sign top pair production constraints, that exclude the original Abelian model [55] .
If SU (2) X is broken by a scalar doublet, then one has a SU (2) X custodial symmetry and m W = m Z . For a viable phenomenology this custodial symmetry needs to be broken. The non-custodial Lagrangian is [55] 
where c = cos θ, s = sin θ and θ parametrizes the mismatch between the (u R , t R ) gauge and mass eigenstates. For θ = 0 the t R and u R flavour numbers are broken. On the one hand cos θ needs to be close to one in order to get a large A tt FB from theū R / W + t R coupling. At the same time, a large cos θ (in particular cos θ > 0.92) is required by di-jet constraints so thatū R / W ± u R couplings are sufficiently reduced. On the other hand, suppressing di-jet production through theū R / Z u R coupling requires cos θ < 1. The prefered choice of Ref. [52] is a parameter choice "A" with m W = 200 GeV, m Z = 280 GeV, α X = 0.060 and cos θ = 0.95, which gives A h FB = 0.22 (0.30 if acceptance corrections factors would not have been taken into account). There are also extra states ensuring that SU (2) X is not anomalous, but they are not needed in the low energy tt phenomenology.
Let us next discuss the flavour structure of the theory in more detail (another example of such large violation in the right-handed sector is given in Ref. [67] ). Generating the required flavour patterns seems to be challenging within a concrete model of flavour. For instance, if there is an SU (2) X doublet that obtains a vacuum expectation value, this can generate the top mass from a dimension 5 operator
with q = (t R , u R ). The scale M cannot be much above the electroweak scale v m t in order to obtain the observed large top mass. How one obtains the c-and u-quark masses is not specified in [67] , but one option is that the charm quark mass is generated from a dimension 4 operator (the SM Yukawa term), while the up quark mass comes again from higher order operators. There is an immediate vacuum alignment problem. The charm quark direction needs to be aligned finely so that noū r / W c R andū R / Z c R couplings are present. Furthermore, the directions of the scalar vacuum expectation values giving masses to W , Z need to be aligned with the top quark mass direction at the level of ∼ 5%. Note that these are necessarily different scalars since the SU (2) X custodial symmetry needs to be broken.
The above alignment or tuning of interactions in flavour space is common to models with large flavour violation. As another example let us mention a non-supersymmetric SU(5) GUT model [60, 85] . The part relevant for the tt phenomenology is the 45-dimensional Higgs representation that is split. There are two light scalars with TeV scale masses with the following
These scalars do not mediate proton decay at the tree level, while the remaining part of the multiplet is heavy. To have gauge coupling unification there is a similar split in a 24-dimensional fermionic multiplet that also gives neutrino masses through a combination of type I and III see-saws. To have a positive A tt FB one needs m(∆ 6 ) ∼ 300 GeV. At the same time ∆ 1 needs to be heavier, m(∆ 1 ) ∼ 1 TeV, as its contribution to A tt FB is negative. Note that as is typical for models where large A tt FB is linked to large flavour violation, also in the GUT model of [60, 85] the couplings of ∆ 1,6 to fermions must have a very constrained structure. We restrict our discussion to
where a, b, c denote colour and i, j flavour indices, while abc is a completely antisymmetric tensor with 123 = 1. In order to explain the measured A tt FB the u−t−∆ 6 coupling needs to be large 
On the other hand, although the model avoids Flavour Changing Neutral Current (FCNC) constraints at the treelevel by the virtue of the antisymmetric nature of g The di-jet and single top production at the Tevatron furthermore put bounds on the u − c − ∆ 6 coupling, with |g 12 6 | 0.03 for m ∆6 = 300 GeV. Such a hierarchy of couplings to di-quarks, where they couple most strongly to the 1st and 3rd generation was dubbed "perverted" in [86] .
Apart from the required non-trivial flavor structures, it has been recently pointed out [51, 81] 
Flavor conserving models
The tt production is not flavour violating. In the SM for instance it proceeds predominantly through a single gluon exchange. The pp initial state does not carry a nonzero net flavour number, and nor does the tt final state. So why even consider NP models with large flavour violation in order to explain the anomalous A tt FB ? Let us briefly consider s-channel dominated NP models first. In order to have A tt FB > 0 such NP needs to couple toand tt with opposite signs [63, 83] . The required couplings are thus flavour diagonal, but they are not flavour universal! This means that there is an inherent flavour violation in the s-channel models and FCNCs are likely to be generated, unless couplings are tuned to be exactly diagonal.
In t-channel models one needs large u − t or d − t couplings in order to have sizable contributions to tt production starting from pp initial state. As already discussed, in concrete models one then has to worry about FCNCs [85, 67] . There are two options to deal with these. The first is to make the couplings of new states to c−t and u−c small [52, 55, 87] . The second possibility is that the FCNCs are small because the models are protected by flavour symmetries [22, 88, 89, 90, 91] .
We now discuss the second possibility. To start with, we perform a quick general counting of possible flavour models. For simplicity, let us assume that in the leading approximation NP respects the SM flavour symme-
which is a global symmetry of the SM quark sector if the Yukawas are set to zero. Listing all possible scalar and vector fields that can couple to quarks through renormalizable interactions respecting G F gives 20 possible charge assignments for vectors and 16 for scalars. Most of these could contribute to the A tt FB . A complete analysis can be found in [53] , while here we just quote results for a vector that is both an octet of colour and and an octet of SU (3) U , as it was also presented in [22] . To compute the size of FCNCs one needs to also specify the size of flavour breaking. For concreteness one can assume Minimal Flavour Violation (MFV) (c.f. [92, 93] ), but this is not really essential, as long as the breaking is small for the first two generations.
Beside small FCNCs, fields in flavour nontrivial representations can have other phenomenologically beneficial properties that can help understand a large A tt FB . For instance such fields can have O(1) couplings to quarks even for intergenerational transitions. A flavour octet vector also has the right sign change for a heavy s-channel resonance (suppressing colour indices)
so that there is a O(1) quark generation changing coupling without the need for flavour violation. In tt production the vector then contributes both in the s and t channels, the relative size also depending on the amount of flavour breaking. The predicted A tt FB and dσ tt /dm tt for two choices of masses and couplings are shown on Fig. 8 .
Furthermore, if the NP fields are in nontrivial flavour representations, one avoids pair production of like-sign top pairs from t-channel processes (up to small flavour breaking terms). On the other hand, since the fields couple with O(1) couplings to all generations, di-jet constraints are potentially important. Although the predicted di-jet cross sections can be made small enough to avoid present bounds [22] , this sometimes requires some degree of flavour breaking. The couplings to first generation quarks can still be O(1) but smaller than the couplings to the top [90] .
An interesting question is whether a single set of fields can explain the A tt FB as well as the B s mixing anomaly (c.f. [94, 95] ) at the same time. If the NP fields couple only to U R the answer is no. However, if NP fields couple to Q L − Q L or D R − Q L there are tree level contributions to B s mixing (if they couple to U R − Q L , U R − D R the contributions to B s mixing arise at the 1-loop level and can also be relevant). The detailed answer depends on the flavour breaking pattern one assumes. In [53] this question is addressed assuming MFV and a number of potentially viable charge assignments for NP fields are identified.
Incoherent production
A possibility that A tt FB is due to incoherent production of tt+invisible was raised in [96] . Unlike the models we discussed so far the large A tt FB does not arise from interference of NP amplitude with SM one gluon exchange, but from a large A FB in the new sector alone (ideally this would be ∼ 100% in the NP cross section). As indicated by the model independent (but only two-bin) analysis of Fig. 2 such models cannot give a better than ∼ 2 sigma agreement with experiments since σ N P B can at best be zero due Taken from [22] . The cross sections still need to be multiplied by the acceptance corrections in Fig. 7. to lack of interference. Nevertheless, this offers and interesting alternative to other scenarios.
In order to have a large A FB in the new sector one necessarily needs a t-channel contribution from a light state. In [96] the authors considered a scenario with a 200 GeV scalart with the quantum numbers of the right-handed top, and an SU (2) L × U (1) Y singlet fermion χ 0 with mass of 2 GeV
The production process is pp →tt † → ttχ 0 χ 0 and a sizable A tt FB is generated though the exchange of χ 0 in the t-channel. Extra missing transverse energy changes the tt spectrum and could be used for detection, once the experiments have enough sensitivity. The allowed parameter space is show on Fig. 9 . χ 0 can be a dark matter candidate, however it cannot be a simple thermal relic [96, 97] . 
Predominantly s-channel new physics 4.1 General considerations
Let us now assume that the NP amplitude is due to an s-channel process. To obtain a nonzero A tt FB from the interference with the SM tt production amplitude, several requirements on the couplings of the NP resonance to quarks need to be fulfilled. The SM amplitude is C and P even. The NP amplitude can be written as a product of initial and final state vertex contributions. Applying C only on the final state vertex this interchanges t andt along with changes to the form of the interaction vertex due to the action of the C operator. It then immediately follows that A FB vanishes, if the interaction is C even. The same argument holds for the initial state interaction. Thus both couplings of the NP resonance to light quarks (initial state) and top quarks (final state) need to be C odd or have a C odd component (and assuming CP thus also parity violating).
Lorentz invariance dictates that new particles in the s-channel have to have integer spins. An attractive choice is a massive vector boson present in many models beyond SM. In this case, a color octet particle is preferred in order to use its large QCD interference with the one gluon exchange in the SM. Since the QCD interactions already provide the vector couplings for the interference term, only nonzero axial couplings are needed for a spin one, color octet particle G to produce a nonzero A tt FB . Alternatively, for a color singlet Z , the interference term with the SM is negligible. One then has to have both vector and axial couplings of Z toand tt. Models of this type can be found in Refs. [ 
Colour octet vector bosons
We first consider a color-octet resonance G allowing for the most general renormalizable interactions to quarks, the vector couplings g q,t V and axial-vector couplings g q,t
A . The spin averaged matrix squared for→ tt scattering is
where We consider M G 1 TeV. If the axigluon has flavor universal couplings, these are well constrained due to the negative asymmetry in the interference term. Much larger parameter space is allowed for the flavor nonuniversal models since these lead to large positive asymmetry in the interference term. Note that in Ref. [98] only bounds from the the inclusive A tt FB [107] and the differential cross section [20] measurements were considered.
More recent constraints are shown on Fig. 11 . Taking into account the CDF measurements of A tt FB for the different tt invariant mass and rapidity bins listed in Table 1, the total cross section (but not the m tt distribution) and constraints from the early di-jet resonance [108] and contact interactions [109] searches at the LHC, Ref. [83] derived limits on the purely axially coupled G (g 
The phenomenological description of a single axigluon coupling to quarks requires a UV completion. The reason is that the for a nonzero axial-vector coupling between G and fermion ψ (e.g. top quark), the amplitude for the processψψ → G G grows as [112] 
forŝ m 2 ψ , M 2 G . Therefore there is a tree level unitarity bound
with C F = 4/3. In order to explain the large A tt FB one has
It is smaller, if coupling to top quarks is larger (for instance as may be required by di-jet constraints).
Chiral colour models
Colour-octet gauge bosons appear in gauge extensions of the SM which are spontaneously broken to SU (3) c . The simplest possibility is SU (3) A × SU (3) B → SU (3) c [57] . In order to have a large positive asymmetry in the interference term one needs g q A g t A < 0 (assuming M G is well above 500 GeV). An assignment of gauge quantum numbers giving this is that t R , b R are triplets of SU (3) B while (t, b) L , q R are triplets of SU (3) A . In order to cancel gauge anomalies a fourth generation charged in the same way as the third is needed. The full field content of the model is summarized in Table 2 . The bi-triplet scalar field Σ has a TeV scale vacuum expectation value Σ ik = uδ ik breaking SU (3) A ×SU (3) B to the QCD color group SU (3) c . There are two Higgs scalars giving masses to quarks, the quarkonic Higgs H q which is a triplet of SU (3) A and SU (3) B , and the leptonic Higgs H l which is a singlet. In Ref. [82] it was pointed out that such a model generically suffers from too large FCNC contributions to B d −B d mixing. It is however possible to protect it by flavor symmetries so that all contributions to meson mixings are in agreement with experimental constraints [75, 83] .
The kinetic term for the link field becomes the mass term for the massive gauge boson Tr
The rotation matrix between gauge bosons in mass eigenstates and gauge eigenstates is
where we define s g ≡ sin θ ≡ g A /g and c g ≡ cos θ = g B /g so θ = arctan(g A /g B ). The massless field G 0 µ is the usual QCD gluon while we identify the massive octet vector boson G 
Field
Qi u 
where c 2g ≡ cos(2θ). The axial-vector couplings are thus always nonzero and satisfy the following relations
which are crucial for successful phenomenology (see Sec. 4.2). The preferred regions to explain a large A tt FB are shown in Fig. 12 .
An interesting feature of the model [57] is the mass dependent asymmetry. Due to the opposite contributions to the asymmetry from the interference term and the NP squared terms, the asymmetry is positive at intermediate m tt but becomes negative close to the tt threshold. This change of A tt FB sign with m tt has been observed by CDF both in measurements with several m tt bins as well as in the simple two-bin measurement of A low FB and A h FB (see Fig. 13 ).It has been shown recently [91] , that the same effect can be achieved by using a light resonance with a purely axial-coupling. For A tt FB dominated by the interference term the sign change occurs when m tt passes the resonance mass. If one chooses g a ∼ g s /3, one can predict a negative A low FB .
The simplest model of Ref. [57] is ruled out by the recent LHC di-jet measurements [108, 109, 110, 111] . To avoid them one needs to tune the relative ratios between the G top couplings and the G light quark couplings to suppress the G decay branching ratio to di-jets. One simple solution is to introduce a vector-like fermion mixing with the SM light fermions. (Notice that this is the way to deconstruct [113] a chiral fermion in the two site model). For simplicity, we only introduce one vector-like fermion which mixes solely with the up quark. The fermions ψ L,R , are SU (2) W singlets and have charge 2/3 under U (1) Y . Under the extended gauge group q L , q R , t R , b R , ψ L are assigned to be triplets of SU (3) B and (t, b) L , ψ R to be triplets of SU (3) A . In the up-type quark sector, the general 4 × 4 mass matrix can be diagonalized by a bi-unitary transformation acting on the left-handed and right-handed quarks. The transition from the flavor basis to the mass eigenstate is then parametrized by The couplings of the axigluon G µ to the various quarks in the mass eigenstate basis are found to be
When α = π/2, the couplings of the up and top quarks become identical to those in the minimal two-site model. Notice that the axial-vector couplings of the up and top quarks are different and one now has the freedom to increase g t A by reducing θ and simultaneously decrease g by choosing sin 2 α smaller than sin 2θ. The total width of the G µ in this model is
When sin α = √ 2 sin θ for 0 ≤ θ ≤ π/4, g u V = 0 and the interference between the QCD gluon and the axigluon vanishes the production cross section. Restricting to this part of parameter space the results of the fit are shown in Fig. 14 . From the blue-shaded contours one can see that for a small mixing angle the best-fit region is insensitive to its exact value. This can be easily understood since the product of the axial-vector couplings g u A g t A = −1/(2 cos 2 θ) is insensitive to θ for small θ. The two horizontal dotted black lines with different width/mass ratios show that in the best-fit region G is a narrow resonance. The red dot-dashed line marks the constraint from the first di-jet narrow resonance search at CMS with 2.9 pb −1 [108] , while the region above the dark yellow solid line is excluded by the search for di-jet contact interactions from ATLAS with 3.1 pb −1 [109] . Finally, red dotted line is the projected exclusion limit for 1 fb −1 at the LHC -a situation which is comparable with the most recent experimental results [110, 111] . From this figure we conclude that in the two-site plus one vector-like fermion model there still exists a small region in parameter space which is at present allowed by all constraints.
RS like models with strong dynamics
The di-jet searches at the LHC tightly constrain the G decay branching ratio to light quarks. Therefore a large coupling between G and the top quark is preferred in order to obtain a large deviation in A tt FB . This can happen if G is a gluon excitation of some strongly coupled sector which also strongly couples to the top quark. One good example is the RS model.
The RS model is based on a slice of AdS 5 background metric ds 2 = (z h /z) 2 η µν dx µ dx ν + (dz) 2 , with curvature κ = 1/z h M P l . Here x µ and z are the coordinates of the standard four dimensions and the extra dimension respectively (η µν = Diag(−, +, +, +)). The UV boundary is at z h = 1/κ where the scale factor (z h /z) 2 = 1 and the IR boundary is at z v ∼ 1/TeV, as motivated by the hierarchy problem. We are particularly interested in a model where all SM fields, except perhaps the Higgs, propagate in the entire 5-d spacetime, and will be primarily concerned with the gluon and colored fermion fields. The action for the gauge fields and fermions is,
where ΓṀ are the 5d (4 × 4) Dirac matrices, e Ṁ M is the veilbein, a is an adjoint gauge index and c parameterizes the magnitude of a bulk mass for the fermion in units of the curvature.
In the RS model the G which contributes to the A tt FB is the 1st Kluza-Klein excitation of the gluon. In the unitary gauge A 5 = 0, we decompose the 5d fields into KK modes,
The wave function of the 1st KK gluon is given by
with normalization factor N 1 and admixture controlled by b 1 . The mass spectrum is controlled by the boundary conditions, with the masses satisfying,
where m 1 is related to the first root of the Bessel function.
Of particular note for the following is the fact that the light KK states have most of their support close to the IR boundary. For the fermion zero mode (SM fermion), the wave function is
and the relative coupling ratio between G and light fermions over the SM strong coupling g s is the ratio between the integration of 5D the wave-functions
Therefore, one can adjust the coupling easily by the changing the 5D fermion bulk mass c. However, localizations of the light fermions are constrained by electroweak precision tests (for a detailed study, see Ref. [114] ) and the resulting parameter sweet spots were found in Ref. [115] 
and Ref.
[88]
The A 
M t t GeV
A FB t Figure 16 . The AFB for the partonic process→ tt (Â t FB ) as a function of M tt ≡ m tt in the SM at NLO (blue line), at LO with the RS (33) contribution (dashed red curve) and at NLO (being the sum of the previous ones) (plain red curve). From Ref. [115] .
forward region, while there is a slight excess of antitops in the central region already in the SM. This observation motivates several definitions of charge asymmetries at LHC (see [118, 16, 14, 119, 120, 28, 121, 122, 123] ). For instance, one can define the differential lepton charge asymmetry
from the semileptonic top decays as a function of rapidity Prediction for SM top quark production at the LHC ( √ s = 14 TeV) is shown in Fig. 17 . A sizable charge asymmetry is predicted in the large rapidity region. Therefore, there are two basic ways of defining integrated charge asymmetries. One focuses on the central region, which has a statistically much larger top sample while the charge asymmetry itself is small [118, 16] . The central charge asymmetry is thus defined as
where N t (Nt) is the number of events where top (antitop) has |y| less then an appropriately chosen value y C that delineates the central from the forward region of the detector. Similarly one can define a forward (or "edge") charge asymmetry [119, 120 ]
which counts the difference between the number of events with top and antitop in the forward region. The event rate in this extreme region is much lower, but the asymmetry is large. It is interesting to note that in this region where the charged leptons are moving close to the beam line direction, the LHCb experiment may have a good potential to observe it [124] . Recently, there are also attempts to improve the measurements by using leptonic top decays in the central region and hadronic top decays in the forward region [125] . At present ATLAS and CMS measure a charge asymmetry defined as
with η t and ηt being the pseudorapidities of the top and the antitop, respectively. Similarly, A y C is defined by replacing η with y. Very recently, the CMS updated its measurement of the charged asymmetry [126] based on both rapidity and pseudo-rapidity distributions
to be compared with the SM predictions
ATLAS also presented a measurement [127] A y C = −0.023 ± 0.015(stat.) ± 0.021(syst.), (43) to be compared with MC@NLO prediction for SM
Within the errors the latest measurements agree with the SM, while we discuss the expectations for NP models below. Before we proceed, let us point out the impressive improvement these measurements represent compared to the previous CMS result [128] (43) . With further improvements we should be able to reach a concrete answer about the top charge asymmetry measurements at the Tevatron and LHC.
One byproduct of models which explain A tt FB is the existence of top resonances. There are two types of top resonance searches that can be motivated by these models. One is a search for tt resonance that arises in the s-channel models. In the t-channel models on the other hand one predicts a t+jet resonance in the tt+jet channel [58, 87] . In this case the new particles (that for tt final state are exchanged in the t-channel) can be singly produced from the gluon-valence quark initial state.
If tops originate from a decay of a heavy color octet particle G they are highly boosted. Their identification (or the top tagging) is more challenging experimentally than identifying tops in threshold production. If such a resonance is observed, further experimental information about its properties can be deduced. For instance, tops produced by the s-channel resonance are highly polarized due to a large axial-coupling. Therefore, one can use observables related to the charged lepton angular distributions to help with the identification. For detailed studies, see Refs. [129, 130] on search strategies for the bulk RS KK gluons.
Searching for the top jet resonance at the LHC was proposed in the analyses of a t-channel color scalar models where the mass of the scalar is considerable larger than the mass of top [58, 60] . In a more recent analysis, the polar decay angle of the t-channel particle was used to help the reconstruction when the invariant top+jet resonance has a large SM background. In the lab frame, the polar angle between the reconstructed (anti)top and the remaining jet is collimated in the same direction as the light t-channel particle and it can be used as an efficient cut in the low mass region [87] . Finally, it has recently been pointed out that a fraction of on-shell production of light (top+jet) resonances might pass experimental cuts of the tt production measurements at the LHC, thus effectively enhancing the predicted tt cross-section in t-channel models with light NP particles [54] . Thus such models might already be in some tension with the existing LHC tt cross-section and m tt spectrum measurements [50, 131, 132] .
The A tt FB has an intrinsic connection with the top polarization and top spin correlations. The reason is that the top polarization is the one of the two possible sources for a nonzero A tt FB at the Tevatron (the other one being the Rutherford enhancement peak in the t-channel process). In all the s-channel and t-channel di-quark models, it is the top polarization that provides the main source of the A tt FB
10
At the LHC, the top polarization or the top spin correlations can be used either to distinguish among different models or to reduce the large SM tt background [121, 123, 122] , in particular the large additional contributions from the gg initial state. For the NP model discrimination there are two useful observables defined in the helicity basis P n = N (cos θ ,n > 0) − N (cos θ ,n < 0)) N (cos θ ,n > 0) + N (cos θ ,n < 0)) , 
10 In the t-channel models, the A tt FB provided from top polarization will enhance (compete with) the one from Rutherford enhancement in the vector boson (scalar) models [58] . ). The Z , W , Ω4, ω4 and Gµ represent the t-channel Z , W , color sextet scalar, color triplet scalar and the s-channel axigluon model, respectively. Taken from Ref. [133] .
where n is given by the direction of the parent tops momentum in the CM frame in the helicity basis and c 1 = cos θ 1,n , c 2 = cos θ 2,n . Expectations for P n and A c1c2 for a set of benchmark models (with details given in the Appendix B of Ref. [122] ) are tabulated in Table 3 and Table  4 , respectively. Judging from the benchmark models top polarization P n appears to be more sensitive to NP effects than the top spin correlation A c1c2 . It is interesting to note that the W models look very promising with a large predicted signal due to large enhancement of the dd initial state PDF going from Tevatron to the LHC.
Conclusions
The models proposed to explain the large A tt FB measured by CDF and DØ have observable consequences at the LHC. This is inevitable, since in order to influence tt production at Tevatron, the new fields need to couple both to light quarks and tops. A number of features can thus be expected, from a deviation in the charge asymmetries in tt production, to t+jet resonances or tt resonances. The final analyses at Tevatron are expected to use twice as much data as the present ones. Further experimental improvements both at the Tevatron and at the LHC will thus tell whether the effect is due to new physics and, if so, due to what kind of new physics. Table 3 . Net polarization P h in the helicity basis at the 7 TeV LHC for a set of NP models, 2 TeV axialgluons with axial (left-handed, right-handed) couplings to top GA(GL,R), and a 400 GeV W . In parenthesis in the last column are given the 1σ statistical uncertainties assuming 5 fb −1 of integrated luminosity. Table 4 . Same as for Table 3 , but for spin correlation A c 1 c 2 . Table from Ref. [122] .
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